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e speed of sound in water -
';'• "• L' ~~acceleration, duvn~n 1eaU t;o granso"vit.yi.i!•''i• •iii!•

*L a convenient linear dimension
a mas per unit area of a plate
a distance from a surface along its normal
P pressure
p. breaking-preasure, qt which cavitation ocuws

*p, cavity pressure or pressure In oavitate region

V, hydrostatic preasuare
p. po pressure in Incident and retlectd ave-traina, respectively

Pace, ftuation 112) an pas* 12
q see Tquation 116) e an V 13
v particle velocity

v,, v *. veartoolan components of v
"r, particle velocity Just &aM o a of eklng-t. mckonod as

positive sawy rM the tront

,, coqmment of vw norml to the bounm•

v, particle velocity In a covitated region, Yvckinl as positive *
babreakn-rr bt away a tr othb bouwl es *- . ,

,coppo nt of v, norml to the bg"idam..

It** 940 w.Cartesian coqioe~nt Of 0* *

V6. velocity or proAlation or I brtsking-trout *.*-

V, velocity or proPagtion of a cloasL-t4y
a, , Cartesien coordinates

a see lquation 112to) *::::" ""
4 traction ot sp•ce five at ta- In A ualt stod
0 density of water " '* "
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EXPLOSIVE WAD ON UNDERWATER STRI IU•.
AS 140DIPMD BY BULK* CATATION

. ) "'"''""
Whereas cavitation Is most comonly observed at the interface be-

tenwater and a 3ol,.1 surface, there are Indications that it may also occur
I n the midst of a mass of water. Sueh cavitation my modify the action of

explosive pressure waves upon structures. 7ThIA is possible wherever retlec-

,.* tion of the wave gives rise -to tension In the water. 4A t extension of hydo.*.

dynamical theory to cover such cases is described In this report.

It is shown that eavltated regions should be formed through the , ,

propagation of breaking-fronts moving at, supersonic velocity. The cavitation . -

should usually take Mhe form of suall bubbles continuousliy distributed, rath-
#r than of large voids. Subsequently the cavitation will be destroyed as the

boundary of the cavitated region contracts aWd cots as a eloal•,-tront. The

releant athmatial osmaas are cited.
Similitude relations are discussed, and the theory it applied t a ,' .

plane wave falling nor•lly upon a plate, and to the explawtion of the dome

that Is formed over large charges exploded In the am. .' '.-

lIfffOUTlON
The study of the behavior of ship structures han loasdd by m- on

derwuter explosion ti a major project st the David V. Telo' IW0el 1asin. ,'., .','.5.

Cood pro&-'ss has been made toward in undertrtandh of the pressure field .. ' :'.

in *M water, with all bo•wdiarles well removed, and to this extent the , .

poundwaork has been laid for efilnai teed. Important pgp still exist In .....

this line of Information, ho.ever. the ener- balance Is still Incomplet. , .

to th•t It ts not yet possible to say what fraction of the esxposive eofeu ,. '4 ..
is mide avallable in the first cycle of pulsation of the gee globe. It Is,. * *.*-,.

thvretore, still Impossible to evaluvte the effect of Ow dtsplaeement of
the p~s Slab* vhIch my put Its center at a point nearer the ttrcet ft the "

end ot the first cycle than at Its beg•ining. Questla at thie sort have

led others also to 0onclude tAit sound fusdameatal data ae still most

"ecessary ()*
44 P�Uestitam relalting to the Pr-operties of the 1419cff. as dietinsuglw " " "

from the loid vhich the eplcsion puts on the target, a•* set aside for saa +, 4

rate "c. sia•eroton. It May be assumed that ib his ro the Ied I# treated,'
44
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"in terms of a target of arbitrarily assumed properties, such as might serve
to measure directly the pressure In the water.

The behavior of an acoustical wave Incident on a solid or free
boundary in water is rather fully understood; and the shock wave radiated (
from an explosion In water partakes In large degree of the nature of an
acoustical wave. Even In such waves, however, the continulty ..j7 the me.dium
is believed to be broken at tises by, tensile effects to which the water re- :.
sponds by cavltation. In the shock wave, where pressures are a whole order
higher than in an acoustical wave, cavitation naturally has that much more
significance. Among the problem which must be solved before Interactions .
between field and target san be subjected to study by calculation, that of
cavitation mut rank high in iqsortanco.

HYDRODMmcL 72=lY OF CAVIATIO ' fti .IN A"
In practical experience cavitation usually originates tetween water

.4, .•. and a solid surface, such as a propeller blade. There are som Indications, .
however. that It may also occur In the midst of a ass of water, a3 for ex-
ample when explosive pressure waves are reflected rm the surface of the sea.
To deteraine the effect of such cavitation upon the motlon .ot the water, a
certain extensivo of hydrodnslacal thory Is required.

In the present report the necessary extension of the theory 1il1 be .
deccribed, but the coplete sthemtical details will be published elsewhere

.(). h1 theor Is baned wow certain simple assumptions., which are laid
3 down wIthout entering upon the complicated question as to the nature of the . ' .

cavitation process itself. too applications of the theory will be discussed,
dealing rev tively with the ipact of a pfwssw' wave upon a plate, pMae 10 j A ''

and upon the surface of the sea, page 19. V _9

,,"The following aso tions will be *adas .
"() cavitotion occurs wherever the pressure in the vater sinks

"to a fod value p4. called the bretkim*-proeetre;

(b) upon the occur.e-ee of cavitation, the pressure Inst=.2tly
L •bocase equal to a fited value p,. called the tevily pres.-

sir, wthih Caninot be les than p4, so that
i' ~~~~P., A o P. ''" ",

c(C when the pressure rises a e P,. the UriU.ttion disappears " .
Instantly,

New f ar these ousmptlcs correspoxd to the actusl bohavior of wa-

* * ' 4 . ter is hot yet known. %e value to be assigned to ps is discuesed briefly :.
*on P& I c. T eavitation S11 W J We Wt r m ot mi*l bubbles , .

4 4
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acatte1•d throu~h the water. SucH• bubbles bare often• been observed, but In: "'..."-.•

, ..... ;--.'....,.,- S-•

many cases they seen to contain atr In addition to wate~r vapor. and they do.| ... •....
not always disappear when the pressure is raised. All su--h aomplilcations .. ".""."
wi•ll be ignored here, howeve'r, in order to obtain a tractable analytical the-

3.i i :si i

rty.. The bubbles hy be supposed to be 30 iall that the resulting bt•boo-* . maeney case they satermy be onegeteid;i inadto to water vpord teqan l they

vapor pressure of the water.
The discussion will be limited to motion that Is Irrotational or

free from vortices, motion such as can be produced by the action of prssr
upon frictionless liquid. Furthermore, all variations of pressure will be -

assumed to be small enough so that the usual theory of sowAwvsi appi
cable to the unbroken water, but no limit need be aet um the mapl.ude of

its particle velocity.

BMINGA~W-F1RONTS i

Cavitation will begin, according to the assutrtions Just tude, In
a regIon where the pressure is falling, and at a point of minimum prossure,
at the Instant at which the pressure sliks to p4. A cavity will form and

this cavity, for reasons lying outside the as~suptIo•• of the analytical the-

oray, will at me* become subdivided Into bubbles. Since, houever, the pros.'

aure will be sinking In the neighboring water alao, the am process will

,* ;oon occur at neighboring points 3s well.

Thus a cavitatad rogion will form our-
rounding the point ot Initiation. The ".-.'
boundary of this region will sweep out '. , .. " .."
Into the unbroken %*ter s a breaking- ' e
(rent, Figurt 1. Sinla* the pressure 7 ,.

grdint at the initial pVont of min- mi
tun presure isto 1V, the velocity '.*.

advate of the brtaklg-front It seen
to be Infinite at first, just as, whcA Pigtr. 2 -wen nptIg aeeattng.

I tro.ded b"w is lored into vwter, Pernt, vtre4 SurpAIn, h.S

the boundary or tho wettta reginon WOV@ . ..t:d.......
out at first at tirinite speed. tOce.
eavitAtton occurs silast tolmutaneously throughout a te-$Ider•bie vo10U0, to- .

sultint in a fairly unifor* distribution oa bubbles; there Is no reason to •
*Vftt U& e laediaie ronubtiCei of a ltirg cavity wh,-..-..i

the spae of propagation of t*e b-akiwS-rnt rtelaitve to the I"w-
ter ahea4 of It, V1, can be shown never to SinX wgauw "e SpeWe or touh, ".

Ustually V, is to eater than t. MCe ftan that no influence can be protpast ,

.' .
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Spast a break~ng-tr-nt Into the region ahead of It. The production of the

cavitated region Is thus a consequence solely of processes occurring In the

*"unbroken water or on Its boundaries, as a result of which the pressure In

successive portions is loiered to the breaking-pressure; the front is merely

*.. • a particular surface of constant pressure advancing In accordance uIth the '. ""

. ordinary equations of wve propagation. Its -peed of advance Is found to

V6 121- +

wbhere Odi/f denotes the noreml pressure gradient or the rate of increase of
-'i ; the pressure aloag a noml to the front drawn Into the unbroken water, and

V" V,,, v, ,re cwwaoents of the particle veluelty taken In the directions
of carteaan we In order that the pressure sy sink *& tUe f-ont ap-- -

proaches, the r" ator In Equation 12) must be posltive. V .

It p6 Is les than p,, there 1s a dicOtntlRuity Of Presure at the

Thus, Wdhle the front Is traversrng an element of water, the eltuevat to

kcked oarm b$ t% weas of prossure acting on Its rear !see. It r6 to
the partlole velocity just me~ad or the front, afid It e*4 Is the cc erpnt of

* .".this velocity In a direction perptr•lcu-r to Ute frot or to the to sry of . -
tWe cavitated reglon, taken pasitive to.ar4 the unbrken water, nd It v, nd"

4', a,, donate torrapuuIng quan1tilesI in the itultutt retiof Just; oen&W tM
* . front. the W mwlylss (2) Imitates that

cqsonmts of av elocity 14rallel to the baumary or*, hovevero left vr-Altered.

* . thus. it 06 * P.. the Paticle telooity is left entirely Wt~sittm* by the
passage of the baekItront. but l "., It est than p, the i 1s t d lsloe

tAItAtY Ina Its, eaqicoen peep tolutr to tb# froot.

TECAWITIUP Ava~loy
CMdltIons uithin the rglmon of vitation mist be c4irithvel,$

SiePle. slcte st Is no pressure teradieot, atnd the pr~surt Is uwl:ftlay
equal to Pthe WParticle velt-clty "Ust be ac*tIaht in tiA,•" reetsl*4 the

value at which It %as left by the passage of the btnak~lr#-ftot.

If 'W* 0," the artticle velocity, bel% unaltered by the *s...P
Q t the t4ftking-talnt, retitns Its tsaildi4 Ch •rctet. tf this Case, aO-

Cordite to out assptl , the traction q of the sWe that %S c•ewIed by

,, *.. - .\ ,- .j *'5I*

4*A , : i,. .



bublesinceass seadlyfrom an ini1tial value of zero- If P&In loes than

p, however, a certain volume Of sp2*e Is freed at once by compresuion~ of the * *.

water as Its pressure rises from pto &,. The general formuala fr~ q at any) point In the cavitated tregioa at time 4 to (2)

t- r - XV

where 4. Is the time at which cavitation occurred at this particular point
WAn V",* I', and v,, are t7A* ewponente of the particle velocity o, to the
directions, of the a, V and a axsa. 4;paranitly It p6 Is less than V*,1, it y

* , either Increase or decrease, or neit! or, after the br*&k1Mng4rn has Passed.

ThE CAVITATION DQUN)AR
W~hen the tow~ary of the cavitated region, advancing assa breaking.

* (front, *rrives at a point beyondwhlo~h V, its giYmf by 3quatlon (2) would be
* less" taNm the speed of sound, e, the analysis shows that It mant halt *brupt-
* ~ly, this may be regarded as happening either bmouasothe liquid ahead at the

front is not oxpWntIn$ with sufficient rapidity, that it, the numerator tn
EQUAtice [2) Is LWo amall, or becuse an eaceswive Pressure gradient Wa been 2

* ~encountered, that Is, the Wcomiratorito too largo, I"e bouft atmy thendo
either of two things. iWhlch It will do Is found to depend in part vpon the
particle velocity In the nv jborIr4 eavitated issue,* hut In larWe depee *

upoa conditions In the adjacent unbroke i~quid.
0"e Alternative is thut the bou~ary my stand still as a Italiteaai ,

bsuad~tii, ts shown In FIigue 2, where any waves or presure that sty be tool-
dent upon It fros the unbroken W14 are rarleette as it (mu a free surtate.

* this *Ast occur whnevor the intident vav*4 art very seek.

!init~ oth o alto* "tetnlve Is that dtatrahotlon ot Mhe cavitatio" s"y be-. - '!*

Mliq~uidui ibriokt &gpin behin It. SA"h a baunftry maq be called a etleeae-
ftest. A amWti$ It Myj be Of either 4.d Leo 44-

* tiftt types. to,

CiOeIS4 of the catitation bar result trok*

0 a ontrctig malenIft th* CaMiAte "41i0h itself.
w~he Uze distribution of the vAIu** of s, at dlftfr. .

tnt $oints are suach Mht the bubble* tend to dttmese
l~bsit, t~s an appn. oweer.afty i p, pionwz 2 *A Sstaion&* *~~. s'

loss Utaha P.. for, as alteady temarbdo It #, eP. vde



the wiater retains the expanding notion wihich brought about the cavitation.
If contraction of the bubble& occurs near a part of the boundary at which
4- 0. this part of the boundary will advance Into the cavitated region as

a cloalng-rront. A closing-front of this type moy be called an ixtriasic
onie; the a alysis shows that It must advance at a speed exceeding the speed

*of sound, else it will at once change Into the other
* type, to be describead next.

. * ~Aen recession or the boundary of the cav-

e ' *itated region is caused by conditions :a the Lnt
* .'broken watr, tho boundary my becalled aforced

4 . ... ,closing-front. Figure 5. It,% notion Is esecntially
an Impact process, similar to that which occurs %hoa

* *' 0 locomotive picks up the aslak In a long string ot
cars. Loyer after layer of the ouivitated wattr is

'i~gure 3 A orced compressed Impuls~ieel~y from & to sowe higher pres-
*~~sr CI1O.Fr, and its seo;.nt of Velocity norml to the

bour43ry Is libeviat ehunged., It Is assumd In theis~
Idt~litcd theory, as alrvady etatod, that thd cavitation WOWle close in-
stantly as the !tlasitig-ront pauses over thow. It, irk rtality. they contain
a kernel of air or othor foreign p# ýMWAc requires Usia to redisslve In the
liquId,, Wh process *III be modified.

.it taen. be shown that a forced clcalm-trtmt cannt mive ftsttr thain
tound, re litvely to the wibr*#n liquid behind M,. but e*nct equatton cov.

.#Stn Its notion ore dif'fitult to forouleto to the Sapmrl ease. The reason
cam to "aid to Ile to diffraction of the us*" that are twidient an the

V4* W-IftstIWnI t344, Oft the Othe hOAn, 1s easilY %M144e l1s
O&' %Ieatl. If the 1"Uio is CGOIMnl4 to one dtimnsion, WMs may be via-e *t
sitt fodtwot tatt thAt any One41 1i.oMOMI 610tw't'anee to utbr'oen liquid is
"s.uIvAlent to t"* weptvosei trains at Vplan. vavo traveling th owcIte ei-
tvCtIOMl. Ofie of thitta. to tt'alh will fall at norbl. IftlawA#c momn he
pig"n botiftary of ofe cVitaw ted rg6, ".Ile th the 'tllbetstngi
ocotlnoMAhl -i a reflect"U41 t atn ouVA"&. ~1 eeiAttloos eAft Uwet be
ivrlttoa to terll" or t1hen traim.

Lot p' dewtio Owe pvssur In the itocidtat wave tftai, ard lot e,
denot# the particle velocity In 'Phe tavittotd NloO. mAfsure posiltiftly nMW
I4z3a1I the cavitat*d side af the bouWatif. then the thAlysit (2) 3indictes
wht. it

+.



'V----

the boundary remains at 0*

re~st, except,- of course, V S,

as It may move slightly e-- 0. .*
with the particle veloc- 00 0 . *

it fte ae.The ofP

surface at which the
Figure 4 .- A Plane Figure 5-A Plane Forced

pressure is always P'; Stationary Boundary Closing-Front advancing
see Figure 4. This case toward the Right
will occur, for example,
whenever the incident waves are waves of tension but are not of sufficient
strength to cause fresh cavitation.

If, on the other hand,

P, >2 r+PC

the boundary advances toward the cavitated region as a forced closing-front;
see Figure 5. For th3 pressuie p and the particle velocity Y of the unbroken
water just behind the front, the latter taken positive toward the side of
cavitation, and for V,, the speed of advance of the front relative to the
cavitated water ahead of it, the followin formulas 4re obtained (2) :*,

P(,Iv+- ( 2*w)

V-V' aw 2~q~c1wT(6)

where '.

p in the density of water and c. the speed of sound In It, and q is thd free-
tion of space that is occupied by bubble&. 4.

According to Equation (7). V, - c It q - 0. The boundaries at.
which q w 0 constitute, however, a singular ciase which will usually be of
momentary duration. t

* ) ~The most intoeaeting example of such a boundary to a breaking-front
which has just ceased advancing. Usually the advance ceases because Vb has
sunk to c and would go below this value If the front advanced farther; then,
by Equation (4~), q 0 at the front. Furthermore, by Equation [)), In which
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O's- "v - - wi, and in view-of the differences in the choice of the
•~ •positive direction for velocity, as Illustrated In F•Pures I and Ii, -

. Here p, and V, rvpresent pressure and particle veloeity just behind the front,

so that p6 p + r' where p' is the pressure in the reflected wave; whereas

by the usual acoustic equations pcv- p" - pl. It follows that

Comparison of this eq.uation with lneqwtalities previously written involving pa
shows that the further behavior of tý.a boundary will depend upon the subbe-

quent course taken by the incident pressure p% If p' increases as time goes

on, the boundary will at once start back toward the cavitated region as a

forced closing-front; Pho~eas, If p. renaina constant or decreases, the

boundpý. r" t remain stationary, constituting a free surfae.

?FINITE OAPS
Cavitation In the midat of a vass of liquid mist ordinarily consist

of small bubbles which can be assumed, for analytical purposes, to be con-

tinuously distributed. There appear to be only two ways in which large

-paces or gaps can be formed in a liquid by hydrodynamic action not involving
"the motion of solids.

Rotational rotion my have the effect of lowering the pressure to
the breaklng-point, es in an eddy. and then forming a cavity. Such motion, ,, . •

however, is excluded In the present discussion.

If the motion Is of the Irrotational or potential type a gap can O
I %:.-m only I pV < p w. where a wave of tension falls upon the boundary of' a
cavitut•ed region already formed and causes the surface of the unbroken water
"to withdrow. Such a &kn will presumably take the form of a layer of eopecial.

ly larie bubble* between the broken end unbroken water,
Won cavitation results fre the Impact of a wave of tension upon

"the Interface between vatar and a zolid, Its charteter will depend upon the

relative muktnktudoes of the breaking-pressiAre for a water-solid *nd for a

,Vte.-water s3uface. If the breaking-preasatw between solid and water Is
"higher than that within the water Itself, breaking will occur first it the
solid, with the .trzmtaon or a pp or Cavity. Otherwise continuously distrI-

buted cavitation will form In the water, a layer of uhich will be left in
contact with the sol1d. U1%t the facts are In the ease of explosive pressure

"waves 1,Iinging upon pinted Ur corroded steel is not let known. ..

.S, .t:,.:,- S:,.aa a.a ,.,
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The subsequent closing or a gaoi, provided it does not contain an

- -. ~appreciable amount of air or other foreign gas, will result'in the usual .*..

water-hammer effect. If the gap closes against a rigid boundary moving at
) fixed velocity r'. and v* is the particle velocity of the advancing water,

the pressure rises instantaneously from p,; to p, + pe(vw - l henagp
closes in the iuide. of the water, how~ever, with a difference e* - v' in the
particle velocities on the two sides or the gap, the impact pressure Is only
~PCW - v'); here the pressure at the gap rises instantaneously from p, to

pt, + 2p~*- v') The action is, -in fact, the same as If the two missea of . .O
water haid Impinged simu).taneouziy adfrom opposite sides upon athin solid
sheet moving with the mean velocity of the water or a velocity W ( + V").

CAVITATION AND D~hAKCAL SIMILARITY
Cavitati;.n in the midst of a liquid diffemc in its effect upon re.

lations of similarity from cavitatio-n at the stwface of a solid.
A glance at. the differeitis).a equations of sound. or at some of the

equations written !n this report, stows that, In constructing a possible mo-
tion similar to a g51ven ome, 'but c'n a different scale, it is necessary to
pr eaerve unchanged at corresponding po)ints the, values of the two dimension- ______

less quantities *~..

4.where p Is the pressure referred to any chosen datum or' zero of pressUre.
* v Is the partiole velocity, $

jo !s the density, and
ois the 3peed of sound In the liquid in question, here water,

In a givtn liquid, with fixed p und c, it follows that both p and the par..*
ticle velocity m~ust te pterved at corresponding points. heonly tronsfor.
imitiOn th't Is PQ~z.ISl6 It thus th~e 31140l One, ftail1iiar In the dISCu"s10" Of
undierwater explosi~ns, In which 31l linear dinronsion: and all times are
chantvd Ini the snu ilfora rat~io. The occurrtene of ecivtation ot flxsd
v~iiu~t of p. and p, ~alters nothingr in t.his concIU31on so lcn% as civities, of

ir lir; Fraps occur. ht-Aever, Cravity ezy play a rleit In their ,.y.4
ne0I~hf~orhoo. ir rfro 0-uch 4NUatIOnS a3 4 IV t nd sph uz. htr* s Is
uti i r n or' ii is t" stuat.c hed, It is evident tht fo

* ainmlzity to hcil. %n additional. quantity m'at be preservtd. This moy be
written% In varicaua fores, suach as go. t/a or 1
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where L is any convenient linear dimension. It is clear that L, like v, -.

t ut be kept constant. 'Thus, If cavitation within the midst of a liquid is "..• -. ".-"

accompanied by the formation of cavities -; considerable size, no transfor- -.... "..

Seatlon of similarity Is possible at all.

* " . The Inclusion of effects of viscosity, on the other hand, requiring

. preservation of the quantity :7T

P L

wihere v is the viscosity, is, known to destroy the possibility of similarity,

Irrespective of whether cavitation occurs or not. 0

In experiments Such as those on cavitating propellers, transforma-

" tions of similerity can be rode for two reasons. In the first place, the

"copmrensnbility of the water .au be naglcctcd, as well as the viscosity ef- :-
facts, .hs ' only two quantities need to be preterved in value, such as . -.

* . I , , ei- . . . 4.-...

In the Becerd place, only a single cavitation pressur-e is usually recognized,

a."• this can be taken as the datum pressure woilch is held constant. The usu-

al change of sca)^ then becomes po-sibie in which all linear dimensions and

alm, Lhe excess of pressure at each point over the cavitation pressure are
changed In proportion to v%. If, hwever, it became necessary to distingluis• ' .

between two tuvitation p,,es0a .4e, u breaking-pressure and a cavity pressure,

t•,en the fixed dirrfe.•ice between theae two would require all pressure dif-
.erences to bq fixed, and corsequently similar motions on different linear "

"scles could not occur.

PPLCATIOI: "VITATI1K FI•D" A P•A-U

The simplest ease to uhich the inalytioal theory of cavitation
"can be applied t3 that of plane viaves )f pressure falling at norw~l nc,- .MO .-..

dence upon a uniform plane sheet of solid material, where the sheet o so,

thin that elastic propWpgtion thro•nh Its thicknesas need not be :unaidered,

Various aspects of this caso have been discussed In several reports
,) (4) (5) (6). It the pressur* wa.. is of limited length and of sufft-

cently low tntenu'tt to =mke •'oustic theory npplicable, and It water can .:.

suport the requisite tension, then It has been shown that the Initial for.

w.,rd asceleration of tha plate Is tollo%(od by ; phate during which it to

brought to rest again by the aotion of tisi'.on in the water. The (Inal d12.

plaement of the plate is equal to ttice the total displacement o" a partlle.

4 I4,. .o id *t~d n, I bj lb e" * **. ,, ,,

, I I m

"* * "* *.
*,- -...•** ***..... . : .... 4•..: *: ... .,....

,,. ,.,.,. ,.. .. ,:.- .,. . .,. . .,'' % ', .- • , , . .. ,,. • * **,.

S, . . ,. ,. .., ,, ,, :.. , .. , .. ,,... , ,:. ,. ,. , , .. ,., , .. .... **. ,. ,.' ,
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of water due to the incident wave, or the same an the dispiacement of the

water surface when the plate Is absent. - "

The effect of cavitation, on the other hand, will vary somewhat, "

- according to the point at which it occurs. There are two possibilities:

1. The plate may break loose from the water, or

2, cavitation may occur first in the water Itself.

I. The plate may break. loose from the water; see Figure 7.
The pressure at which this occurs my be either the cavity pressure

p, or some lower pressure p 1 '. In either case, the surface of the liquid At

"* then bcoomes a free surface at which the pressure is constant and equal to -. -

"p,. and the remainder of the incident wave is reflected from this free sur-

face. The plate, meantime, will continue moving forward until It is arrest-

ed by other rorces. The pressure p,, atmaospheric or otherwise, acting on

,. S

igture 6 -Digram representing Plane Figure 7 -01%ra- Illustrating the

Waves of Pressure p in Water Case In which Cavitation occurs
falling upon a Large Thin Plate at ,a Thin Plate

TiSe pots 1I tM~ by &&l Fa th pwsT*&W* V4. Here UO CSOtttaQk* •M rm S t a deflei

Arvneaw veve at "-u" Pto.Ct U VM OW*• r p.%a" iot, aut, ',' G , •

"the opposite face of the plate, may be asiowued to exceed the pressure p, In

the cevity behind It; the difference, , - p.. will suffice eventually to ar-
rest the motion of the plate cnd to cause Its return to contact with the vs.

ter. Moere way also be other forces or elAstlc or plastic origin. It m.y
happen, however, as suggested by Professor 0.1. Taylor (5), that spray pro.

Jetted from the water ourface will tend for a time to support the outw;3rd ....

,otion or the plate. When the returning plate strikes the water, an impact

0wave of pressure will be produced In the water as the plate cmes exponen-
tially to rest.

It the Incident wave ti of exponential toro, explicit fermles are , :" .*
easily obtained. This case Is discussed at length by Taylor (5). but ftee

* details y be given here. , .. '

L7 .. * '.

,* ... . ... . ... . .. ". -,-' *.*' " *",.

• . *.'--: . *...': -.
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"The equatlon or motion for the plate Is

where+ pi1h xeso 91

where p Is the excess of pressure in the incident wave above the hydrostatic 4D
Spressure pi, which is assumed to be the same on both aides or the

plate,
f" is the excess of pressure over p. in the reflected wave.

a is the mass of the plate per unit area,
z is the positional coordinate of the plate In a direction perpendloa- . -

lar to Its surface, and

t is the time.

Elimination of p" ZIv-

dts 1101

Where P is the density of water and c is the speed of sound In it. Coqmps

here Equations [9) and j101 on page 24 of TM1 Report 1%80 ('4).

The solution of Equation [10) ror p - 0 Is

'"di . •'] ,,,,- ....... _
;i ' ~I ..... OL.+

With a suitable choice of the constant we, this solution will represent t'e

motion of the plate after returning to centact with the water if t represents

the tize measured from the Instant of contact n ve ls the velocity of the

plate at that instant.
To represent the Impt of the pressure ve, we set - 0 for-.

I less than 0 and, for i greater than 0,.

in terms of two constants pe and a. It Is assu-=d that the displacement of. ,

the plate during the *frfectii time otactiono or the wave is negligibly small.

The solution of Equation [10) that represents the plate as starting from rest 0

at - 0 and - 0 Is then easily verified to be

9.s
,.' d, .1"'" .. :

• @T "~ ~ - o1 - e ,. '-.

seaTXB Report '480, page 25.
The corresponding total presst.-* on %U plat* above hydo~statie Is ,

CrnEquations [91 MWd 11)).
. rm•u~to p+t] m. [; l. rn..., 

....C

-, 
0

r + P * 
.i"-9. ". -'"*"",*m""""'

S-•-- •. -- - .n..9*-,. 4...+

'**:..--.,V . 9 ,*,-

. . . .. . . . . . . . . . . 4. . .. ** *.* 9. ' .. __

-...... *...,. ,. -.......
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, t If the simple assvption Is now hie that cavitation occurs at the

surface of the plate az zopn as the pe ew aInks to a certain value p', "
" .the time at which it occurs can be fi by tting p + p* - p4" - p in,.. I.

Equation 114] and solving for t. The corrapnoding value of dz/dt as ob-

"tained from Equation 113] is then the ve3u!1 with which the plate leaves

the water.

For the special case In which p; p - p. p, this velocity Is also
the maximpw velocity acquired by the plate ad has the value

S-" - (153 1 ... 9I.

Where

(163

a9 given on Page 7 of T)M Report (6 (). IM formula for v = can also be .

written P
w,- k L, Im -g,1:' j""'" '-"""3

*'. where h Is a dimOnsionless number z4V pVa empresents the particle velocity ,' .,'.

associated with the mixi~me pressure In the MI4nt wave. A plot ot k
against q Is shown In Figure 8

It 1 •*b i less than p,* the plate i slowed down somewhat by the

action of Vie pressure opp sn Its oppulttm, *3siated perhaps by teni1on . , *.

win the wter, so that It leavee the water mth a velocity less than w .• ....
"The Initial velocities of dlapu~ acted on by explosive pressure

wave& *a: masured at the David V. Taylor ARI E1asin have always been losestho.n the calculated v,,, bult never less Um half as g~reat. Details will be " .. ,. "

reported elsewhere.
2. Cavitation A.y occur - - - ' - -. -

firot In the water Itelt; see IM - - . . -- "

Fi~gure9..
Consideration of this S

"ease is new. it a fixed breaing-.

Pretsure P6 Is assumed, the point q --. .. .. .
at Witch cavitation starts mayt be ', - .\,+.

Th a too~ 30to afound by eutmining the resultant C I --
Spresaur: distribution in the water r4p' - Plot of the Coerficient k -

near the plate. The reflected In tquati [1,11"
pre3sure p' 1 1) at the plate itself + ,.. .... . +-~~~~~~~~~pr of. itoo r"W"m~ b*] lU'P4rI k%, W*'4+
is. frr" Equamios 112) and 11410 46 the;: OW state.

+ I ,-----

* .. ,. "%" " A .,*
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pe - as

toofpropagation of the Incident wave. Then Ute pressure at any point be-

hidteplate, within the distance to which the reflected wave has traveled,

i BL '"+ Ps19pel pe -as t a

Cavitation will begin where p as given by this equation first sinks
to the breaking-pressure p.. Prom this point a breaking-front will advance -

toward the plate, perhaps all the way up to It, while another one travels
-book Into the water. The latter frn rvl oeeIn the present Caset,

proide pis less than 0, but the cavi-
~tat.o. behind it soon becomes negligible.
This Is because the incident wave soon be-

/cove inappreciable, and the receding

* ~breaking-front soon becomes indistinguish-
/' :~'able from that psrticuls~' reflected wave

* .*~~j**4 R~at which V*p 6 - p,, and travels with this
wave at the speed of sound. Equation(h
then gives q to0 behind the front.

Pigure 9-Diagram Illustrating The particle velocityr v, ahead
the Case in %hich Bulk ftefot eoeta f h acceCavitation occurs in the water o h rn eoe hto h elce

* ~~wave or v,,u (p 4 )/Dc; hence by
* tquatton 131, In which V6 a t and the signs ot v., and v4. must be clianged to
4. ~allow for the ditterene In the-direction chosen for a positiv'e velocity, the

particle velocity behind %he front Is - (p, - p',)/pt. Thus the part of the
reflected wave from 2p, to V. travels on, with a discontinuity at Its rear
face, leaving the pressure uniformly equal to p, and the velocity unitoraly
equal to - tpe - p&)/oec behind it. Only a limited region of cavitation Is
(corwd near the plate.

x'. ~~The process by which the pint., after being returned by Otter **

forces such as air presture, destroy* the cavitation agsir,' can be followed
* - by numerical integration In any particular *ase that say &rise.
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* .~EFFECT OF CAVITATIOON~ E~ OXoc4'.

* The action of an expLnil
tial wave upon a plate Is IIII- 'Prfsut on the Plate"

trated in Figures 10 and 11, t h i oC -U 1000

are drawn to represent very rough- r 20c.

,1 the action ofthe umboc wav I,. .

from 300 pounds of TNT up .a plate S '000 0A "'

of steel 1 inch thick, or from I-
ounce of TNT vpon a plate 1/11 l .

thick. 002 04 0.. 0.1. t: 1.4,-.

Figure 10 shows the ex-am Tifi Itauoad

ceas pressure on the plate Itself. Fire 10 - Pressure on a Plate, In the• ~~Abaence of" Cavitation, plotted"" " .-

above hydrostatic pressure, plottd on a Time Bse.

.000 A, .".'.'

*4 000 4 4 4444 i4. °-,__ --
0 42

... . .. _.._-,. : . .. 7• .... .. .. ... ... • .... . .. • 0 • '4.. .'..-4. ,,4.

F0 .'.-,.'-

* ."1.) u toeiw 9 6 4 1
offilosel 1#40il pi tol #Got

-11 - Distrlbuitluh of iressure behind a Plte at Su sivel, . ,
-. l~~~~Insats, of im In the Absence of Cavitation ,-".',' .<'

on a basis of time. the Umime ale Is labeled to correspond to 300 pounds of

"TH, for 1 ounce the time wouli be 1/17 as great. one curve showe the Imi-
"dent preasure, or the pressue tkst %ould exist In the vater at the location, .

of the plate if Ute plate were abmut as given by Equation 1121. The other " '"""

curve shows the aetual pre*ere m the plate, as given by Equation (11). -

. This my be thought o4at d iw p . t the Incident pressure p taetler with a ""

co..oet of pressure p" & to a retleeted wave that travels back Into the

',, %* 444w.

".4-" .... 4 '."44

. . . . . . . . . . . . . . . . . . . . . . .... 4c 4 _

' " " * ' ' " * ' " " " •'at . ' 4. ' 4,, " . -'4 . -. ,. 4 : .* .4* 4 %..\ "'4 '*""
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S. .. . . . .. • . • . . °

., , ,---. .4-

4000

* - - -- - - 000

I U.4 .

I. -- 4. ', . , .' ..200

A, ... .... W

4000'

is a to 0 4 3 t.

", ,+ D~~~~~~ist~l¢og fee to o p let 60 hist"-'-'. - . .

nl.. • Zn~Iasant4 of Time, In the Absence of Cavitati.on ":•••

~ I'..... O ....

Fiur 11, on th~e oth~er hand, 3ows the Instantaeous distribution' .. ' ,

of presure• in the water adjacent. to t, on plate, plotted sagaist the distance

i •~~~~~tm the plate. Th•e disatnces shown in the figure correspond to 300 poun..ds.•.• ,,••

of TNT,; for I ounce they would be 1/11 as &root. The cur~vesa re calculated.". . . .. . .
. urve A shos D distribution of pressure at b e indtant at uhich the si e-

cure We firstre aches the plote (I a 0). Curve B shots the distribution,
""0o. milliseiont later Ia a c.0002)t, t t thi te te rtedlacad wave his ad-n

wncad I the p rat e pT•et.it Cerves h , D, t , F rarer similarln to timp s .

about 0., fo.8, 1.6, 2.o mlalidecon1d after th arrival o the cncdenl late. _______

Curve A serves also to represent the final horm of the refleted hh tae the

incident wave his by thesl eimpe (onp te0y dis ervedB .sh•w-the•is ,but

': ~~~~These figures will be moried by th~e occurmme of cavitation tIn a . +
0.2 ihst deond upon the lava govIrnigt the eavrt edion. ,vh,

Cavitntcon foy oeCur s of to, It May occur as imior ts thes
pressure sinks to th, hdrostmtli pressure p.t ths ivll be at the Instent
Curkv I eI tpelgv*s a 0 Ion this eas the piate pi avo s the r ater witv vt-h

"licidty equl to *,, as iven by bytthon (1tm, and tee curve ior the pr**p
these nFigure 10 coincides with the axis of aer a pressure fin

v theatiek onpwsiI .u An atherlaws pove sibilhecaitationeetota. ~ vtt

rsu not b•sin untol t lhyer o pressure Is taohed, at a later t such .as.
•.that Ike In Figure 10. In this case the plate loaves the water w t the .e-

tm walocity lu ots vi.,, Liave n Eui. he, presand ane rhe pflot atter tp "."

wuell then be the ionstant 0cvity pressure p,. It ar p6, tom" curve Will

Sthaten dhoredontally from the .oint ti, as ethe by the loever o the brthen

.L.,... If,.....c.r.e.

,.. . h il ,

-* • ,i t- , ***. *i 444+4 + •l~ul + I
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lines, Instead of continuing omard. If, on the other hand, p, is greater

than p,,'t the pressure on the plate will rise suddenly to the value p, at..'" -

the Instant t. and will then remain constant, 2s illustrated by the upper of

the two broken lines in Figure 10.
The distributions of pressure In the water, as plotted In Figur 11,

will be modified in ways to correspond. The part of the reflected wave that

is reflected from the water surface after the occurrence of cavitation will
be modified so as to contain hMoer pressures, since the pressure at the wa-

ter surface is higher than It would have been If the water had continued In
contact with the plate. In Figure 11, on each of the later curves therm wilU | . .
be a point representing %he Instantaneous position of that part of the ro-

"flected wave which was reflected Just as cavitation began; such a point Is
indicatei by a on Curve 3. The pressure to the right of this point contains
a component that was reflected from the free water surface Instead of from
the plate and hence will lie scowhat higher than It would in the absence ot
cavitation, as is suggested in VIgure 11 by the broken line ab.

As an alternative, cavitation might be.ia is he. water itself. In
such a case the analysis given in foregoing sections beconos applicable. ..

Cavytation %III start at a definite position as well as at a definite time.
"It might begin, for examle, at Q in igr 11r this point would then repro-
sent the position cf that plane in the water, parallel to the plate, at which_ -
the pressure first sinks to the breaking-pressure p,.

shotdistFrom this Initial plane, a plane breakling-front will advance a
" rto distlance toward the plate, while another one will follow the reflected
pvre t"ard the left, moving a little more rapidly than this wave so as ii- A i.
ways to be in the position %t which the total pressure equals p,, Succeediv
positions of the latter breaking-front are indicated In Figure 11 by Q, Q'% 7

!Q' Eehind this front, or on the right In the figure, lies the cavitated
region. In which the pressure equals the cavity pressure p&. Mhe boundary of
this region on the •ide toward the plate is not shown In figure 11, sInte Its
position can only be inferred from a more detailed study of the nztion of the
water re•ar the plate. The uniform pressure p, behind the breaking-front, on
the sasustption that p Is greater than p6, is Illustrated for a certain in.
otant of time by thj 'oken line behind Q-. Thus, the part of Curve P to . " -•.'

Sthe left of Q. up to 12 feet from the plate, represents the part of the re-
"Mleated save that got past Q before eavittiton began, diminIshed somoeiat .

through being partially overtaken by the breaking-front .hich moves at first
fit supersonic velocity. The reminder of Curve P Is replaced by the wnifom a'. -

," lprtessurv In the tavitated rqioo or nwar the plate by an undetermtnW i•i-
* ftied pressure.

*, ,

... , :( -.'. .....
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More complete figures are scarcely wortht constructing until an-
actual knwn case presents itself for analysis.

4) ~CAVITATION. UNDIM TME SURACE OF THE SEL ~,~
ft When a charge is exploded at a suitable depth In the oce-;v, a dome 4

of white-appearing water to seen to rise somewhat above the surface, breaking : .
after a moment Into plume of spray. The eight frames from a motion picture
f Ila, Figure 12, Illustrate this phenomenon. The plums are supposed to be
associated with the escape of the explosion gasts. The dome. how*'ýetr, has
been ascribed to tho occurrence of cavitation; a layer of water at the sUr-
race and just under It. after belng kicked u;vard by the pressure wave, falls
to be jerked to rest again by tbe action of a reflected wave, of equal ton..
aton and continues rising until %topped by gravity and sir presure. This.
explanatiodt will be considered briefly on the basis of the fo~regoin~g analysis. 2....2...~

It is necessary first to fix upon the value to be assumed for the
breaking-pressure p,. Milliar (1) found that the dome was absont whenever,

* ~according to his measureaents, the auaisam pretasure reaching the surface was
* wunder 0.3 ton or 610 pounds per square Inch, and concluded that p, was rouoJ-

ly of this mianitud*. it uill be assumed, therefore. for' the muent, that

pi -600 pounds per square inch.
Toselect a specific cast

for stady,, suppose that a charge of 4KIte . .

300 pounds of 1Tr Is dotonated 50 -

feet below the surface. Then the .

pressur ws %Muldt be reflecte 13W INV.

fmu the surface so a vavt of equal * .

tension, diveMrgin true the midtrro '

Is%%# of the charS int the Surfato
Man decrtusing in intensity as it ý . .

It Is easy to 00p out teIs
shaped volume within which the'0

0"zr*wuid sink eownntcrly nefura 13 - is~tof legion or Reduced

at least to .600 poutnds per square ~ hv ret.Lss
Xnech If there were noo cavi~t~tion.
2. TIs voluse to outlirted ovughly by the lower curve io Vigor. I.

Applicatioo of the etitt*Iv~i UObtAid fromt ii. oanlytSI for the
P"Paoution of a brokking-front iMndictet, an the eGOUt.A17* that cavtatt~on
would toi reality be coofined to 6 Mx*c SWma~ t. rgt^i which to shaded In .. ~ f.

P10ft~~~f ft3. fttf 10t ftftC I SOf*0ltoft~t h APtA
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of the incident and reflected waves as they beeC superposed upon each ather

at various points and at various times. The pressure in each wave is assumed

to decrease in inverse proportion to the distance from Its point of origIU, .

real or assumed; and allowance mast be mad for the time of propagation. It"

Is uwcesaryto give details of Ube rather tedious calculations, which wer*
carried out~ ronly 411.

By trial, It is found that the total presure should first reach
the value, of -600 pounds per square inch at ai point situated directly over --

the charge and about I foot under the surface. Cavitation vil begin at this

point, according to the assumtion xae here, and from this point a closed

brtakIns-front will sweep out, moving at supersonitc velocity. The upper side

of this front m•st obviously halt alwst at once, for a tenson of 600 pounds

per square inch cannot occur close to the surface; but the lower aide nsy do-

ii*Mi to a considerable depth. -..-

In F•igure 14 are shown the estimated distributions ot pressure

aloug a vertical line through the charge at two different times, dIatin-

gulaod by the nusztra I and 2. Heavy curves are dnau to represent tie ac-

tual pressureto light curves above Le axis rqeesent the comcnsnt prestures

due to the Incident wave, those below the axis the tc men14 due to the re.

Cleated wav e--

#

~UI th su~raco of the S , at expia b • to • U tes.. .

L ] ;.." 4% . ,
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At the instant 1, a small part of the Incident wave has already
*been converted at the surface into the reflected wave, showin by the light

curve ab 4i; the remainder of the incident wave is represented by the curve
44- def. Tipgether thes-atwo t^oMponents make up the total pressure represented

*by the beaVy curve I1II1I. Cavitation is just beginning at Q, where the pres-
sure has sunk to -0~0 p,,xads per square Inch.

From this time týnward, the curve or total pressure Is clipped off
at -600 pcvzids per stquare inch by the breaking-front. Hence, at the time 2, -

for example. tie curve has its muini=i at -600 at B, and to the right of this -'----

poixit, or toward the surface, lies a cavitated region, in which the pressure 0
has the sholi iegative value p,. Just under the surface. however, in un-
broken u' ., larger negative pressures will probably occur. The distribu-
tion of %uressure at. this instant will thus be as shown by the heavy curve 222.

-rbe breakinmg-fror~t will finally cease advancing when V', as given by
rquatiov ~ bezome.a equal to o. In applying this criterion, it Is more con-

: . "enient to transformEquation 12 by substituting, from the theory of sound

: ..... .~ v ., , ,-0:.,..1:.,: ,

__+ aVI+ OP

8: O- 8,p,-t <...

The actual formula employed in making the rough estimate was Equation .1.1 6In
Reference (2). Using the author's provisional estimate of the later part or
cuthe pressure curve, Rs represented on page 15 of Reference (6), It was on

cluded In the manner just described that cavitation might ultimately extend
throughout a volume such as that shaded in Figure 14~, or to a horizontal
radius of nearly 100 feet, but only to a maximum O~nth in the center of 10
feet.

After the boundary of the cavitato d region has *eased advancin gs .as

abreaking-front, It will undoubtedly begin to recede as a closing-front. No
attempt has been made to follow this process, however, since it seens to be
possible to Infer the gross features of the subsequent motion of the water

from more general consido-rations.
The particle velocity just behind the front may be estimated e tom .

Equation 13). Just above the top of the cavitated layer, *,,, representing

the resultant particle v-locity due to Incident and reflected waves, adds "
numerically to the last termin Equation c31 and gives a totan upwsrd par.

7.-

:- rquatievlocit [2] in-m• qult ,In pyn theisiaedlyro abou t 9etperi seon d.i Thmoe n
simuelettoraneo s formu Eat iohe surac iy tubceithuting fo the inietheave or ourd f. ..."'"
h. apsv e etsrscn.Weeth ecnigpr f h rn athw '* ,'," * :

ieverthe postiuadrlto formua mloe in ra ison wrh , wou h ereas t he act Eual ation *I6 **** ..... *..-_g

v: elorecit sde almo sting tirel uthor' rvsoa siaeo the relattewvern pward. ow . :....

, . :::. ' 5.:: :* :

* eet-' . .-..-.' ..-. * '4 t'.•_•~ .
After* th*bunar o. th ea*tte regio ha s e sed advsncr s ,:,.',., * ,,

attemt ha bee mad to ollo thi proesshe~eer, incett .e% t t. ,...,.. , ,,, ,,
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9 Is here nearly eqal to p6/fp, so that I., Just about cancels the last
"term in Equation 131 and v,, Is small. It may safely be inferred that the . -.-. *

particle velocity In the cavitated region will grade from a small value at
the bottom to about 49 feet Wir second at the top.

The whole cavitated layer, 9 feet thick, should therefore rise,
. carrying a thin uncavitated sheet on top of it. This "solid* shaet will in-

crease In thickUness as Its lower boundary travels downward In the form of a
forced closing-front. The numerical values cited indicate that the center
of gravity of the upper 10 feet of vater will start upward with a velocity
of4 perhaps 25 feet per second; and there should be a downward acceleration of
g due to gravity and of (34 /10)1 due to air pressure on the top, or a total

""*' oI o .4 t. The center of gravity should rise, therefore, not over a v v2/29
S25/8.8 x 32 - 2.2 feet, during a time Y/•g or 0.2 second. The surface of
the water will r•se higher but certainly not more than twice as high or, at
the utmost, 5 foet. •

"Row this picture au Inferred from the analyuts appc=rc not to cgreos
too *ill with the fqcts. Iilliar's observations Indicate that, in the ase,
considered, the dome would certainly be less than 60 feet In radius but would
rise In a second or so to a height of 15 or 20 feet. The analytical estimate
would be changed considerably it a different breaking-pressure were assumed,
or Ir mre recent values for the inttdent pressure were employed, but a large
disagreement with observation would remain. The large rise that is actually

*: ,. observed could be explained only by supposing that the disintegration of the ..x-
"w•ater extends Up to %e surface and serves to admit atmosperic pressure tothe interior. Cavitation up to the surface might result from the initial

presence of air bubbles In the upper few feet of water, which would ef.ec-
tively raise p,, perhaps ut to p,. The whiteness observed In all explosions
of this kind does, In fact, extend to the very edge of the dome in the photo-
graphs, sea Figures 12 and 15, It to not easy to believe, however, that air
can ad% st1ficlerle y ropidly with the avitated water to relieve the vacuum
effectively.

The Jaggedness of the edge of the dome, so clearly revealed by the
photographs, suggests a modifted hypothesis. Pe+taps the general wass of

woter really does rise only a few feet, as the analysis iiuggesta, and wbat
"it seen ad a white d•oe of Considerable height Is only an u.*rella of spray
thrown up fro* te surface.

Ith origin of the spray Itself to perhaps to be round in an atsta.
bility of the surface under ILauletve pressur.e. The pressure gradient to
equivalent to a wtentry Ihwrease of gravity by a fattor of 100 to 1(00, ..

followed by a reversal to s1itiar values, If there are any Small waves M . "
-. 4....,

•.* *-* • .

4, ¾.. .

... .. '..*,. -. - .,... ';-.... .. ... ,*. -,.. * . . .. ...-. 'e_.*.-.,...,..,.. ..... ..-.-
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of-ao eontd6 fee beo the~w Surfac

the urfae, '5the lese 53 frwaeet high, the btrauChasg oil be0 pccluntds

nore violently than the greater mass under the crests, but the difference In
the accelerations bill be greater during the pressure phases thin during the *.*:,- .

subsequent tension ;hase because the initial differential motion tends'to
smooth out the WM3e Or even to reverse them. The Initial troughs should
thus tend to be ttzw up as spray,

An Ind.1re,: c-*thod of dotermininý whether or not cavitation occurs
under thu Surface IS tzy studying the reflected wave of tension itself. Inh
the absence of cav!N41.t1on, this should be a reversed replica of the Incident
uave, reduced sonehat by the greater distance of travel. If, howover, cav-
Itation occurs, cray the very short initial port of the tension wave as pro- -
duced at the surface, co~nt~aining the rap~d drop to the breaking-pressure p,,
will centinue trurelinig below the level at which~ the breaking-front halts.
It is r'tsdily seen that the lower boundary of the eavitated region should . '

stand still thereafter us a stationary boundary, 3s described on page 5.
For. as noted on pise 8, 2p * a o pcv, when the breaking-front halts, where 7
p* Is the positive ;res sure In the incident wave, and thereafter 21' < p, + pow,,
as p' decrease*, so thst the condition foe, a statiotmry boundary as stated
cn pate 7 Is met. 'hIe tail of the incl.*nt wave will be rerlected from this
boundary ** a tensizn %aye In which the pressure Is p'- p, - p'. Thus the
total reflected w'zvc as It occurs below the region of cavitation will be
qualit~tively 4s .6ethed at C In Figure 1II. ,.

This corn-IWsion Is In general lurocny with a series of plezoeloec- '

tr. obsrvaion ro jre In 1924 (8). onl reaivl sml 's uwr
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found. Presumbly an initial jab of high tension such as cc In Figure 114

'would have little effect on the gage. The observed tensions would represent, - .. .-
therefore, merely the reflection of the tall of the incident wave from the

i-•'. ~~~bottom of. .the cavitated region, as Is stated In the report. -..... ..

The value of the breaking pressure may be inferred most easily from '.
the minimum depth at which the reflected tension appears in full strength,
indicating no cavitation. One of the observations mentioned points toward a

"relatively high value of p,. A charge of 2 1A pounds of guncotton 60 feet
below the surface gave a maximum pressure of 910 pounds per square Inch on a.L
gage placed 15 feet away and on the same level. Without cavitation, there-
fore, the maximum reflected tension should be about 910 x 15/120 = 115 pounds;
but only 15 pounds was observed. Yet the maximum pressure at the surface
wuld be only 910 x 15/60 - 230 pounds per square inch. If the gage was cap-
able of measuring tensions effectively, the conclusion is Justified that in

pounds.
•.this case the water nu•st have cavitated at a tension scarcely ex~ceeding 200 1 .. SJ.:.•

It must be recognized, however, that cavitation at the gage mght
alter the conclusions materially. If cavitation over the gage occurs at " "
higher pressures than it does in the water itself, then the tensions indi-
cated by to gage set only a lower limit to the magnitude of the tension oc-
curring in the water itself. The piezoeootrMe observa o•ems i
consistent with the assumption that no cavitation at all occurs In the midst
of the sea. 

, ....A few remarks may be added concerning the similarity laws for sur- .
face phenomena. On page 9 it has been seen that the change to mdel scale,
as it is comonly made in dealing with underwater explosions, Is possible
ono.y uo long as gravity effects can be neglected. In this change all linear
dimensions and all times are. changed in one and the same ratio; the pressures
and velocities at corresponding points remain unchanged. It follows that the

"--' effects of air pressure upon surface phenomena will be relatively the same
upon all scales. Insofar as these phenomena are influenced by gravity, how- .
ever, similar motions on diffirent scales are impossible. Similar motions -
would be possible only if the strength of gravity were changed in Inverse .

ratio to the linear dicensions, so as to preserve the value of the quantity
goL/v or., since vt is unchanged, of gL itself; L Is here any convenient ,

linear dimension and v Is the particle velocity. Small-scale phenomena thus
correspond to large-scale ones occurring in a proportionatoly weaker gravi-

" " 4 tational field. t"t

*,. '"., Thi• conclusion Is surprising, for it appears to mean that spray
4 .4 .. *' should be thrown to the same height by charges of all sizes. This would be .,. .

,, I
.4. .- 4'."'' ., .. ".
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*in conflict with the suggestion that the dome over large charges..my consist

' feet at most. The explanation of the difference my possibly lie in an In-
4b fluence of surface tension upon spray formation. Since* the pressure under a

-- curved surface is p a2T/r in terms of the surface tension T and the radius
r, the relative effect of surface tension, when the pressures are unchanged,
will be the same only If T is changed In the ratio of the linear dimensions.
Thius surface tension, being actually ovustant, will have a much larger effect
upon smAll-scale than upon large-scale phenomena. - ---

On the other hand, as we havp seen, a dome of superficially solid
water Is limited chiefly by air pressure, hence* it should follow the usual

linear 3scale. The absence of a noticeable dome over small charges is thus
consistent with the estimate of possible dome heights as made in the forego.
in8, and In turn constitutes evidence against the supposition that the dome

over large charges consists largely of moderately disintegrated water.
It must be recognized, however, that other causes are* possible for

the difference in the surface phenozena on large and small scales. For' or4
reason or another, cavitation might occur more easily in the salt water of
the sea than In the fresh water in the laboratory. Or It might be that water
can stand higher tension for the shorter times involved in the action of

'4 ~smaller charges. M~ore evidence on these points io needed.
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